ABSTRACT: Understanding how odors are coded within an olfactory system requires knowledge about its input. This is constituted by the molecular receptive ranges (MRR) of olfactory sensory neurons that converge in the glomeruli of the olfactory bulb (vertebrates) or the antennal lobe (AL, insects). Aiming at a comprehensive characterization of MRRs in Drosophila melanogaster we measured cdor-evoked calcium responses in olfactory sensory neurons that express the olfactory receptor Or22a. We used an automated stimulus application system to screen [Ca2+] responses to 104 odors both in the antenna (sensory transduction) and in the AL (neuronal transmission). At 10-2 (vol/vol) dilution, 39 odors elicited at least a half-maximal response. For these odorants we established dose-response relationships over their entire dynamic range. We tested 15 additional chemicals that are structurally related to the most effi-'Present address:
INTRODUCTION
The identification of the olfactory receptor (OR) genes first in rats (Buck and Axel, 1991) and later in Drosophila melanogaster (Clyne et aI., 1999; Gao and Chess, 1999; Vosshall et aI., 1999) has initiated the molecular era of olfactory research. Now we know that olfactory sensory neurons (OSNs) express one or a few ORs (Vosshall et aI., 2000; Dobritsa et aI., 2003; Serizawa et aI., 2003; Lewcock and Reed, 2004) , that those OSNs that express the same ORes) respond to the same odors (Hallem et aI., 2004; Grosmaitre et aI., 2006) and that they converge onto one or few glomeruli within the vertebrate olfactory bulb (OB) (Ressler et aI., 1994; Vassar et aI., 1994; MomFirst publ. in: Journal of Neurobiology 66 (2006 ), 14, pp. 1544 -1563 Konstanzer Online-Publikations-System (KOPS) URN: http://nbn-resolving. de/urn:nbn:de:bsz:352-opus-131467 baerts et aI., 1996) or the insect antennal lobe (AL) (Couto et aI., 2005; Fishilevich and Vosshall, 2005) . Functionally, an OR is characterized by its olfactory ligands, which together constitute its molecular receptive range (MRR) (Mori and Shepherd, 1994; Araneda et aI., 2000) . The concept of MRR is not limited to the OR, but can also be applied for OSNs or any neuron population with homogeneous response properties. Although the binding properties of the OR itself determine most of the OSN's MRR (Hallem et aI., 2004) , other molecules, such as odor binding proteins, also contribute to the response profile (Xu et aI., 2005) . Interactions with additional receptors or signaling cascades further complicate the picture.
Ultimately, to understand olfactory coding it will be necessary to know the MRRs of each OSN. Drosophila melanogaster is an ideal model for achieving this goal (Stocker, 2001) . Its olfactory system is complex yet numerically simple and in many respects similar to other olfactory systems (Stocker, 1994; Hi!-debrand and Shepherd, 1997) . The adult D. melanogaster only expresses 43 OR genes (Vosshall et aI., 2000; Couto et aI., 2005; Fishilevich and Vosshall, 2005) .
Here we present the first step toward determining the entire input range to the Drosophila olfactory system. We expressed the calcium sensitive protein cameleon under the control of the Or22a promotor. Or22a is expressed in one class of OSNs (ab3A) and its responses have already been characterized to some degree by electrophysiology (de Bruyne et aI., 2001; Dobritsa et aI., 2003; Stensmyr et aI., 2003; Hallem et aI., 2004; Hallem and Carlson, 2006) , so our data can be validated. We measured the MRR in vivo by screening 104 odors across concentrations. We measured both at the level of sensory transduction in the antennal dendrites and cell bodies and at the level of sensory transmission at axon terminals in the AL. We show that Or22a has the same MRR on the antenna and in the AL. Or22a has a broad yet selective MRR being most sensitive to stimulation with ethyl hexanoate and methyl hexanoate, and less but still significantly sensitive to many other molecules. We describe molecular determinants common to activating odors of Or22a. We show that the broad response spectrum is ecologically relevant.
MATERIALS AND METHODS

Flies
Experimental animals were adult female Drosophila melanogaster at 1-3 weeks post-eclosion (age 15.5 ± 4.3 days, mean ± SD). Flies were FI progeny from crosses between Cameleon 2.1 (w, UAS-> Cameleon 2.1, +) flies (Fiala et aI., 2002) and Or22a (w; Cyo/BI; P[Or22a->GaI4]/ TM6B) flies (Vosshall et aI., 2000) . Flies were kept on a standard medium at a constant temperature of 25°C in an incubator and subjected to a 12h:12h light-dark cycle.
Confocal Pictures
Confocal pictures of flies expressing GFP under the Or22a promotor were acquired with a Leica DMRXE confocal microscope (Leica, Germany). Antennae were pulled from the fly's head and immediately placed in a solution of 60% glycerin dissolved in DMSO (Sigma, Germany), covered with a coverslip and scanned with a 20x air objective (NA = 0.7). Brains were prepared and dissected as for imaging (see below), and scanned with a 40x W NA = 0.8 objective. Excitation laser light was 488 nm. Z-stacks were taken at I Ilm axial resolution and projected onto a single plane employing WCIF ImageJ (http://www.uhnresearch.ca/facilities/wcif/).
In Vivo Preparation of Flies
Antennal Experiments. Flies were fixed in a IO ILL pipette tip such that the head just emerged. The heads' backs were fixed to the tube. Because Or22a positive cells are located on the antenna's dorso-medial side (Bhalerao et aI., 2003; Dobritsa et aI., 2003) , we pulled one antenna backwards with a fine metal wire. A coverslip was placed onto the fly's head and a drop of H 2 0 was placed on top of the coverslip. The fly was now ready for imaging. Note that the preparation leaves the animal surgically intact.
Antellnal Lobe Experiments. Flies were cooled for 30 min in a plastic vial on ice, fixed in a Perspex stage, and immobilized at their neck. The antennae were pulled forward with a fine wire. A polyethylene foil was sealed to the head with two-component silicon (KwikSil, WPI, PL, USA). A hole was cut into the foil, filled with saline (130 mM NaCl, 5 mM KCI, 2 mM MgCI 2 , 2 mM CaCl z , 36 mM saccharose, 5 mM hepes, pH 7.3) (Estes et aI., 1996) , and the head capsule was opened. Gland tissue, air sacks, and tracheae were removed, and the preparation was placed into the imaging setup. The AL preparation was superfused with fresh saline solution during the entire experiment.
Imaging
Antennal Experiments. The setup consisted of a microscope (Olympus BX50WI, Japan) equipped with a 20x W NA = 0.95 objective and a CCD/monochromator based imaging system (Till Photonics, Germany). Excitation wavelength was 435 nm. The primary dichroic mirror was 455 DCLP. The FRET-based [Ca 2 +]-sensitive protein Cameleon2.1 (Miyawaki et aI., 1999) was imaged using a beam splitter (Dual View, Optical Insights, USA), which split the emitted light with a 505 dichroic and projected the two images on two halves of the same CCD chip, one through a BP 465-495 filter for ECFP (FRET donor), and the other through an LP 515 filter for EYFP (FRET acceptor). Images were taken at 3 Hz with an exposure time of 25 ms for each frame. Image size was 80 x 60 pixels, pixel size was 3.25 Jim x 3.25 Ilm. To control for systematic differences between the two setups, some antennal recordings were done on the same setup as was in the AL experiments (see below), with image size 76 x 53 pixel, pixel size 3.2 If m x 3.2 Jim, and an exposure time of 70 ms. There was no difference in the responses between the two setups.
Antennal lobe (AL) Experiments. AL experiments were done with a system that has been described earlier (Fiala et aI., 2002) . Briefly, excitation light came from a xenon lamp with a monochromator (Till Photonics, Germany), and imaging was done with two synchronized CCD cameras (TILL imago), one for each emission wavelength of Cameleon2.1. The microscope (Olympus BX51WI, Japan) was equipped with a 20x W NA = 0.95 dip objective, and an additional optical magnification of 1.25. Final resolution was (1.6 pm x 1.6 pm)/pixel, obtained by binning on chip to an image size of 153 x 106 pixel (corresponding to 244.8 pm x 169.6 pm). Excitation wavelength was 440 nm. The primary dichroic mirror was 470 DCLP. The emitted light was further split by a 520 dichroic and filtered with a BP 473-494 (ECFP, FRET donor) and a BP 530-565 (EYFP, FRET acceptor). Images were taken at a rate of 3 Hz, with an exposure time of 65-100 ms for each frame.
Odorant Preparation and Application
Odors were >99% pure or of the highest purity available (Sigma, Fluka, Aldrich; Germany). All chiral substances were racemic mixtures except
for ethyl (R)-( -)-3-hydroxy butanoate; ethyl (S)-(+)-3-hydroxy butanoate and (R)-(-)-
ca/'vone; (S )-( + )-carvone. Pure odor substances were diluted in 5 mL mineral oil (Sigma-Aldrich, Germany) in 20 mL headspace vials (CleanPack, Germany) to their final concentration, ranging from 10-2 to 10-10 (vol/vol), and positioned in a computer-controlled autosampler (CombiPAL, CTC analytics, Switzerland). Headspace GC-FID analysis (Trace GC 2000, Thermo Electron Corporation, USA) of decadic concentration series showed that the logarithmic head space concentration decreased linearly with increasing odor dilutions.
A constant air stream (l mLls) coming from a synthetic air bottle (Messer-Griesheim, Gennany) was guided through a glass-lined copper tube with an inner diameter of I mm. The tip was placed at a distance of 1 cm from the fly's antennae. During stimulation (2 s) the constant air stream was interrupted with a computer controlled solenoid valve and the autosampler injected 2 mL of headspace at a speed of I mL/s into the tube.
Each stimulus protocol consisted of blocks of 11 measurements, each with an interstimulus interval of 2 min. Each block started with three control measurements followed by eight odor presentations that either differed in their chemistry or in their concentration. The control measurements were: (I) a presentation of the diluent mineral oil, (2) room air, and (3) the reference odor. These blocks were repeated until responses to the reference odor decayed. Recordings from individual flies could show consistent responses for up to 160 min. The reference odor was used to monitor the fly's responsive state and to normalize responses. Normalization was necessary because absolute response values depended on many independent variables that affect fluorescence intensity, such as, cuticle pigmentation. Because the relative response value for each odor is affected by the variability in the reference stimulus, great care needs to be taken in the reference's choice. We sought for an odor that we could record at saturation, in order to avoid the linear range of the dose-response curve where small fluctuation greatly affect the response, and that would not be the best stimulus in order to reduce adaptation. On the basis of preliminary measurements the stimulus ethyl propionate at a concentration of 10-2 (vol/vol) was chosen as reference [compare with Fig. 2(b) ].
Data Analysis
Data analysis was done with custom written IDL software (Research Systems, CO, USA). Measurements were chosen for further analysis if their flanking control blocks showed stable responses to the reference odor. First, the raw image data were corrected for lateral displacements to reduce movement artifacts. Images were spatially median filtered to reduce shot noise (size: 3 pixels). Then, the EYFP image was divided by the ECFP image and multiplied by 100 to yield Ratio (%). For antennal traces, averages of 11 x 11 pixel boxes were calculated as a function of time. For AL traces the boxes were 7 x 7 pixels [ Fig. I(C) ]. Traces were shifted to baseline by subtracting the average of 6 time points before stimulus onset from the trace, and indicated as LlRatio (%). For quantification of odor-evoked response magnitude, an average of three frames around the maximum of the response within 5 seconds after stimulus onset was taken. This time interval was chosen to include the maxima of slow responses that occurred for AL responses to low odor concentrations and for most antennal responses. Only one AL was evaluated in each animal, even though both antennae were stimulated, and both ALs responded.
To statistically analyze data across animals we normalized responses to the reference odor ethyl propionate. These values are indicated as "normalized response magnitude," or just re sfJonse. Dose-response curves were established by first measuring the responses to a panel of 104 odors at a concentration of 10-2 (vol/vol). Subsequently all odors that elicited at least half-maximal responses were tested at a further tenfold dilution (10'\ This procedure was repeated until no further response was measurable (for ethyl hexanoate at 10- 1°) . Dose-response curves were created by averaging across animals for all tested concentrations of each odor. The Hill equation was fitted to the data (Meister and Bonhoeffer, 2001; Wachowiak and Cohen, 2001 Experimentally detennined values in the Hill equation are concentration x, the measured response for that concentration R(x) (which entered the fitting algorithm as mean across animals with its variance as weight), and Rmax for the overall maximal response to any odor. The estimated values are the Hill coefficient n, which represents a measure of the slope, and the Effective Concentration eliciting a half-maximal (i.e. 50%) response EC so . Values for EC so are given as decadic logarithms throughout this paper, for example ECso(AL) = -6.8 indicates that a dilution of odor to 10,·,68 in mineral oil (vol!vol) as used in our apparatus (see earlier text) was determined to elicit half-maximal response in the AL.
Time traces among odorants were compared from estimated response traces at EC so [e.g. in Fig. 6(C) ]. The measured responses at the neighboring higher and lower concentrations were linearly interpolated for log-concentration at every time point separately.
Estimation of ppm
We converted vol!vol dilution to ppm in the stimulus, based on extensive published data about the relationship between Iiquid-and vapor-phase concentrations for 60 volatile organic compounds diluted in mineral oil (Cometto-Muniz et aI., 2003) . For substances that were not listed in that paper, we interpolated the values based on available vapor pressure information, and calculated 95% confidence limits for each odor (Table I) .
Nomenclature for Responsive Odors
In this paper, odors that evoked a [Ca2+] increase are called activating odors; odors that evoked a decrease in [Ca 2 +] are called inactivating odors; odors that did not evoke a change in fluorescence [Ca 2 I] are called non-activating odors. We avoided the more intuitive "ligand" or "agonist" terminology because the measured responses are cellular responses, which might be the result of several interactions. The binding of an odorant to the Or22a receptor (its "ligand" or "agonist" property) is likely the most important factor for the measured response, but not the only one: odor binding proteins, and/or other signaling cascades might alter the ligand spectrum and result in the "activating odor spectrum" measured here. Collectively, activating odors fonn the cell's MRR.
Electrophysiology
We calibrated our imaging methodology to well established electrophysiological methods. Odor responses were recorded extracellularly from Or22a-expressing neurons by inserting glass electrodes into individual ab3 sensilla on the Drosophila antenna as previously described (de Bruyne et aI., 2001; Dobritsa et aI., 2003) . These sensilla contain two OSNs, one of which (ab3A) expresses Or22a. Neuronal excitation was measured as counts of spikes (action potentials) produced during the first 500 ms of the 2 s stimulation period. We and others have previously shown that spikes produced by the two neurons in such sensilla can be reliably separated based on amplitude and shape differences (de Bruyne et aI., 2001; Stensmyr et aI., 2003) . The odors and concentrations used were benzaldehyde 10-
2 ,2-heptanone 10-2 , i-octen-3-ollO-2 , ethyl3-hydroxy hexanoate 10-2 , ethyl hexanoate 10-2 , heptanal 10-2 , and ethyl butanoate 10-2 vol!vol for all dilutions. Each odor was further diluted 1: 10 in the air stream. Odor delivery was as described in de Bruyne et al. (1999; .
RESULTS
To characterize the molecular receptive range (MRR) of Or22a we raised flies expressing the ratiometric [Ca tion, fluorescence was visible through the intact cuticle as one or two large areas in the dorsomedial position on the antenna both when we expressed GFP 35.1 ± 18.7, a detailed list is given in Supplemental Table 3 ), and odor sequence differed from animal to animal. Absolute response magnitude to the reference odor ethyl propionate was 2.55 ± 0.79 Ratio(%), with no effect of age (y = 2.14 + 0.03x, with y being Ratio(%) response, and x being age in days; R = 0.15,
In the AL preparation fluorescence could be seen a Antennal responses did not reach a half-maximal response at 10 2 (vol/vol), values given for the antenna are mean normalized response :!: SEM at 10" (vol/vol) and put into brackets for clarity.
"Tested at a concentration of 10 6 (vol/vol) within the AL, values given are mean normalized response:!: SEM and put into brackets for clarity. The 10 strongest stimuli are given in bold. Aldh.: aldehyde, 0: a-ring.
2005) in the AL atlas (Stocker et aI., 1990; Laissue et aI., 1999) . Presentation of an activating odor led to an odor response in both glomeruli [ Fig. l(C) , right]. In Drosophila, OSN axons innervate olfactory glomeruli in both antennal lobes. We always stimulated both antennae, and therefore recorded the compound response of cells from the ipsilateral and from the contralateral antenna. No attempt was made to quantify the relative contribution of each antenna. The time course of a [Ca 2 +] response to repeated presentations of the same stimulus was highly reproducible [ Fig. I(D) , right]. A total of 100 flies were measured for the AL, with 2982 odor presentations. Apart from the reference odor, no stimulus was given twice to the same animal. No animal received the entire odor panel (average number of stimuli per animal was 29.8 ± 12.7, a detailed list is given in Supplemental Table   3 ), and odor sequence differed from animal to animal. Absolute response magnitude to the reference odor ethyl propionate was 9.57 ± 2.68 Ratio (%), with responses increasing slightly with age (y = 5.48 + 0.27x, with y being Ratio (%) response, and x being age in days; R = 0.41, p < 0.001).
Responses increased with increasing odor concentration both on the antenna and in the AL [ Fig. 2(A) ]. Dose-response curves showed a typical sigmoid shape [ Fig. 2(B) ] with similar saturation levels for different odorants. The more potent odorants elicited responses from Or22a neurons at lower doses, resulting in lateral displacement of these dose-response curves.
On the antenna, a few odors gave negative responses when tested at high concentrations, Le.
[Ca 2 +] levels decreased after stimulation. These were:· 4-methoxybenzene, benzaldehyde, 4-metho.tybenzaldehyde, and (1 RH -)-fencllOne (Supplemental Table 2 ). We did not observe any negative responses in the AL (see Supplemental Table 2 ). For example, on the antenna 4-methoxybenzene did not evoke a response at a concentration of 10-3 but led to a decrease in calcium at the higher concentration of 10-2 [ Fig. 2(C) , left], while in the AL 4-methO.\y-benzene (10--2 ) did not elicit any significant [Ca2+] change [ Fig. 2(C) , right, dotted line]. This difference might be due to differences in the resting calcium level, which could be within the dynamic range of dendrites or somata on the antenna. The spontaneous AP frequency in Or22a-OSNs was about 4 Hz (see below), and the reduction in intracellular calcium in the axonal terminals when this frequency drops is likely to be below the detection threshold of Cameleon2.1. If negative responses could not be observed in the AL because of low background activity, then an elevation of the resting calcium level by a preceding stimulus should allow to unmask 4-methoxybenzene as an inactivating odor also in the AL. Indeed, in the AL a decrease in [Ca 2 +] was visible when 4-metho.tybenzene (10-2 ) was presented after presentation of an odor with a long-lasting response, e.g. ,-valerolactone (10-2 ) [ Fig. 2(C) , right, continuous line]. We observed the same effect for benzaldehyde 10-2 (data not shown). These observations do not preclude that interactions within the AL might cause or contribute to this effect.
OSNs that express Or22a have their dendrites in basiconic sensilla that can be specifically targeted by extracellular electrophysiological recordings, and are called ab3A (ab for antennal basiconic) (Dobritsa et aI., 2003 Fig. 2(D) ]. In the Drosophila neuromuscular synapse, using cameleon3.3, the minimum spiking frequency for a presynaptic calcium signal was found to be in the range of 5-10 Hz (Reiff et aI., 2005) . However, the response range of cameleon3.3 is shifted to the right with respect to cameleon2.1 used here (Miyawaki et aI., 1999) , and consequently cameleon2.1 is able to detect even lower [Ca 2 +], corresponding to fewer spikes.
The MRR of OR22a
We characterized the MRR of Or22a in two steps. In the first step we took a "shot gun" approach by screening the responses to substances from 9 different chemical classes (acids, alcohols, aldehydes, aromatics, ketones, N-rings, esters, O-rings, terpenes). The molecules ranged from C 3 to C 20 • We tested saturated and unsaturated straight chains, branched chains, cyclics, and other chemical features (see Tables I and 2, and Supplemental Tables I and 2 ). In a second step we systematically altered the chemical structure of the most efficient stimulus in order to define the "peak" of the MRR in more detail (Araneda et aI., 2000; Spehr et aI., 2003) .
In the "shot gun" approach we started with a high concentration (10-2 (vol/vol» in order to identify even weak ligands. To adjust for differences between individuals, responses were calculated as relative signals by setting the response to ethyl propionate to 100%. Out of 104 tested substances 39 elicited at least a halfmaximal response in the AL at 10--2 • In the AL the maximal response was elicited by ethyl 2-methyl butanoate at a concentration of 10-2 (1.31 ± 0.33; mean ± SEM, n = 3). Note that the maximal response was not elicited by the stimulus with the lowest EC 50 • We measured the dose-response curves for each of these 39 activating odors [ Fig. 2(B) ]. Ten of the 39 activating odors reached saturation (defined as a response increase of less than 10% for the next decadic concentration step). We fitted the Hill equation and estimated Hill coefficients and EC so values. The Hill coefficient values were normally distributed (Kolmogorov-Smimov normality test passed with p = 0.115). They were all below I (see Table I ) (0.53 ± 0.17; mean ± SD). These low Hill coefficient values correspond to a shallow dose-response curve that spanned about 3-4 log units [ Fig. 2(B) ]. Using [Ca 2 +] measurements cannot create a broader response range, but if anything, could create a steeper curve, so that our finding of 3-4 log units dynamic range is a conservative estimate. This is because the response of a calcium indicator is the convolution of the cellular calcium response with the fluorescence response of the indicator. In the case of cameleon2.l used here, the indicator follows a biphasic trajectory, with a lower response shank (KD = 100 nM, Hill coeff. n = 1.8) and a high, more shallow response shank (KD = 4.3 pM, Hill coeff. n = 0.6), covering a [Ca 2 +] range from 30 nM to 100 {tM (Miyawaki et aI., 1999) . Shallow dose-response curves were also reported from identified OSNs in the mouse olfactory epithelium (Grosmaitre et aI., 2006) , and from glomerular measurements in mice (Wachowiak and Cohen, 2001 ) and honeybees (Sachse and Galizia, 2003) . However, individual dissociated OSNs have much steeper dose-response curves, in the range of 1-2 log-units (Reisert and Matthews, 2001; Bozza et aI., 2002; Takeuchi and Kurahashi, 2005) . When measuring a population response, as in our case, individual OSNs with shifted sensitivity might lead to an increased dynamic range for the averaged popUlation. However, the correspondence of our calcium response range with the electrophysiological range of individual OSNs (Fig. 2(D) would argue that in Drosophila individual OSNs cover the entire dynamic range observed here, as shown for single sensilla recordings (Dobritsa et aI., 2003) . EC so 1551 values differed widely for the 39 activating odors measured in the AL, as shown in Figure 3(A) .
On the antenna the maximal response was elicited by 2-methyl butyl acetate at a concentration of 10-2 (mean ± SEM: 1.39 ± 0.05, n = 12). Generally, dose-response curves for the antenna were shifted to higher concentrations in comparison with the AL dose-response curves, leading to systematically higher EC so values [ Fig. 3(B) ]. As a consequence, 14 odors did not reach a half-maximal response on the antenna at 10-2 , and only the remaining 25 odors had sufficient data points to fit the Hill equation. For these odors, a comparison between data from the antenna and the AL gave a strong linear correlation [ECSO(AL) = 1.02 X EC so (ANT) -0.58; R2 = 0.91; Fig. 3(B) ], where the offset of -0.58 corresponds to the right-shift of antennal dose-response curves. There was some scatter at the lower response end, which we did not investigate any further. Hill coefficients from the antenna were also normally distributed (Kolmogorov-Smimov normality test passed with p > 0.2). There was no significant difference between the antennal and the glomerular Hill coefficients (paired t-test, t = 0.786, df = 48, p = 0.436). We conclude that antenna and AL have qualitatively the same MMRs.
Or22a Odotopes
The parts of an odor molecule responsible for the interaction of this odor with a particular receptor have been termed odotopes (Mori and Shepherd, 1994; Malnic et aI., 1999) . We therefore analyzed whether the response spectrum of Or22a was predictable by a particular molecular feature. The response spectrum was broad (39 out of 104 odors tested, Fig.  3 ), but by no means arbitrary. First, there were clear exclusion criteria: none of the aromates, terpenes or acids tested elicited a response (Table 2 and Supplemental Table 2 ), with the exception of propionic acid that elicited a small response at the highest concentration 10-2 • We tested substances with molecular weight between MW = 58 U and MW = 310 U (Supplemental Table 2 ), but responses were only seen in the range 58-160 U, indicating that there is an upper limit for molecule size. There was no other relationship of molecular size with response strength, in the sense that within the permissive range substances with equal MW could elicit vastly different responses. We tested molecules in the range CrC zo . Most activating odors had a carbon backbone in the range of C 6 -C S , but some activating odors reached down to C 4 (Supplemental Table 1 ). We tested 2 enantiomeric substances separately, and found that in one case chirality influences the response: ethyl-R- Table 2  and Supplemental Table 2 ), both enantiomers did not reach responses above the control levels of air or solvent stimulation, and are therefore not considered significant stimuli.
The two best stimuli were ethyl hexanoate (EC so (AL) = -6.8; EC so (ANT) = -6.6) and methyl hexanoate (EC so (AL) = -6.9; EC so (ANT) = -6.0), two substances that smell like pineapple to humans. These two substances had already been identified from fruit in GC linked electrophysiological recordings on the Drosophila antenna (Stensmyr et aI., 2003) . The next best odor ethyl butanoate had an EC 50 more than 10 times lower (see Fig. 3 and Table I ). Esters from Cs to Cs made up 9 out of the 10 best substances. The aldehyde heptanal was the only non-ester among the first decade. Other activating odors included alcohols, ketones and O-rings [ Fig. 3(A) , Table 1 , Supplemental Fig. 1 i-5 F igure 4 Ethyl hexal10ate and methyl hexal10ate are the most efficient stimuli for Or22a. The graph shows the " molecular landscape" surrounding the best odors. Normali zed responses to a concentration of 10-6 (11 = 8 animals. Z-axis; SD see Table I ) are plotted for straight chain esters with carboxylic acid moi eties ranging from C 3 -propal1oate to C 7 -heptal10a te (X-axis) and alcohol moi eties ranging from C, -methyl to C,v -hutyl (Y-ax is).
tional group alone. The ketone eliciting the strongest response was 3-penten-2-on with EC so = -3.5, the strongest alcohol was 1-octen-3-o1 with EC so = -3.2, the second aldehyde after heptanal was pentanal with EC so = -2.9 [ Fig. 3(A) , Table I ]. The length of both the alcohol and the carboxylic acid moiety forming the ester influenced the response: the esters ethyl hexanaote and hexyl acetate have the same molecular formula (C S H I6 0 Z ) but the molecules differ from each other in that ethyl hexanoate consists of a C z alcohol and a C 6 carboxylic acid whereas heAyl acetate consists of a C 6 alcohol and a C z carboxylic acid. Ethyl hexanoate had a very low EC so (EC so = -6.8) whereas hexyl acetate had an EC so that was approx. 16,000 times higher (EC so = -2.6). We systematically investigated the role of each ester sidegroup. For this experiment we used the concentration of 10-6 . At this concentration both ethyl hexanoate and methyl hexanoate elicit very strong responses [ Fig. 2(B) ]. We varied the alcohol moiety (ranging from Cl -methyl to C IV -butyl, shortened here with C and Latin subscript number) and the carboxylic acid moiety (ranging from C 3 -propionate to C 7 -heptanoate, shortened here with C and Arabic subscript number). Ethyl hexanoate (Cn-C 6 ) and methyl hexanoate (C I -C 6 ) were confirmed as the best stimuli [see Fig. 4 ]. The preferred carboxylic acid moiety was C 6 -hexanoate, the preferred alcohol moiety was a C n -ethyl. The preference for an ethyl over a methyl group became apparent when the carboxylic acid moiety was shorter than Cc, -hexanoate (e.g. ethyl pentanoate elicited a stronger response than methyl pentanoate).
As observed in the large screen ("shot gun" approach, above), there was a size limit for esters, indicating that repulsive forces may become important at longer molecular lengths or that the interaction site imposes steric constraints: esters C 9 and larger (propyl hexanoate, butyl hexanoate, ethyl heptanoate) elicited rather small responses, just above the noise level. Additionally, esters below C 6 (methyl propionate, ethyl propionate, methyl butanoate) did not elicit a response. A size limit was not only apparent for the entire molecule, but also for each moiety individually. For the alcohol moiety the limit was C n whereas methyl hexanoate and ethyl hexanoate both elicited a large response (Cl: 1.28 ± 0.05, C n : 1.27 ± 0.03, mean ± SEM), propyl hexanaote only elicited a very small response (Cm: 0.40 ± 0.04) and butyl hexanote did not elicit a response at all (C 1V : 0.11 ± 0.02). Additionally, none of the propyl esters elicited a large response (Cv: propyl pentanoate: 0.07 ± 0.03, propyl butanoate: 0.11 ± 0.03, propyl propionate: 0.23 ± 0.05). Also for the carboxylic acid moiety, increasing the chain length had a stronger effect than decreasing it. On the two sides of the optimal C 6 , methyl heptanoate (0.30 ± 0.04) and ethyl heptanoate (0.30 ± 0.03, both C 7 ) elicited much smaller responses than methyl pentanoate (0.65 ± 0.06) and ethyl pentanoate (1.11 ± 0.06, both Cs). From these observations we conclude that, compared with the best stimulus, molecules that are shorter interact better with the receptor than those that are longer.
Relationship of vol/vol Dilution with ppm Estimation
We used vol/vol dilution for our concentration series. Ecologically, that would correspond to odor sources (say, rotting fruit) with different concentrations of a substance in the liquid substrate. Mechanistically, however, odor-responses elicited at the OSNs are based on stochiometric events that depend on the number of interacting molecules, and therefore on the number of odor molecules in the air, rather than on their concentration in the solvent. Because vapor pressure differs for different substances, the relationship of liquid dilution and ppm concentration in the air is not linear. Plotting EC 50 values against (ppm odor molecules/air volume) rather than plotting them against (odor volumelliquid solvent volume) could potentially alter the response spectrum. There is no universal formula to convert vol/vol into ppm (Cometto-Muniz et aI., 2003) . Therefore, we estimated the ppm at EC so for 23 odors for which published data could be adapted (see Materials and Methods and Supplemental Table 1 ). We found a highly significant linear relationship between EC so values in vapor ppm when plotted against EC so values in vol/vol dilution (see Fig. 5 ), with a slope close to 1 (ECso(ppm) = 1.06 x EC so (vol/vol) + 5.06, R2 = 0.72). The scatter is minor, and does not qualitatively change the spectrum shown in Figure 3 . Even in ppm-units, the best odors were ethyl hexanoate and methyl hexanoate, and the sequence of next-best stimuli was effectively unchanged (Supplemental Table I ). This is a consequence of the fact that the molecules contained in the response spectrum span a limited range in volatility.
Time Courses of [Ca 2 +] Responses Differ between Odors
As reported above, the response spectrum was very broad (39 activating odors out of 104 tested odors). This analysis is based on the maximal [Ca2+] increase, irrespective of the time-course of the response. However, odor-evoked response show clear temporal dynamics already at the level of OSNs (de Bruyne et aI., 2001) , and accordingly we found a range of different time courses in odor-evoked [Ca2+] responses, differing in response onset time, the slope of the rising flank, and the slope of the falling flank. Due to the intrinsic slowness of calcium signals with the sensor cameleon, sharp signal decreases could not be determined. However, temporal complexities resulting in delayed calcium increases should be visible with the techniques used here. We did not find any temporally complex response properties. In particular, there were no off responses (i.e. calcium increases at the end of the stimulus), nor any double peak responses.
We quantified the time point of response onset, rise time (defined as time interval on the rising flank between 10% and 90% of maximum), time point of peak response, fall time (defined as time interval on the falling flank between 90% and 66% of maximum) and overall response duration (defined as time interval between 10% of the maximum before and 66% after response peak, see Fig. 6 (A». The concentration dependent time courses of [Ca 2 +] responses were reproducible across animals for each odor. However, for a given odor the time-course shape changed with changing odor concentration [ Fig. 6(B) ]. Response duration and fall time both increased with increasing odor concentration for antennal as well as for AL responses. In the AL rise time decreased with increasing odor concentration leading to an earlier response peak. On the antenna, however, rise time increased with increasing odor concentration and the response peak occurred later. This effect is quantified in Figure  6 (B) for methyl hexanoate; compare with the response traces in Figure 2(A) .
In order to remove the concentration effect when comparing temporal parameters across odors we calculated response traces with half-maximal responses, i.e. as if stimulus concentrations were selected at EC so . These traces were interpolated from the time traces at the concentration below and above EC so . Three examples are shown in Figure 6 (C) for antenna and AL, respectively, and repeated for direct comparison. Ethyl propionate had a short rise time and fall time, methyl hexanoate also had a short rise time but a longer fall time, and ,-valerolactone had a late response onset and elongated rise time and fall time. These three time-courses were individual cases in a continuum of different shapes that could not be classified into clear groups. We therefore wondered whether there was a numerical relationship between the odor's efficacy (EC 50 ) and any of the response shape parameters. However, there was no such relationship in the AL [ Fig. 6(D) ] and not in the antenna (Supplemental Table 1 ). We conclude that temporal 1555 response properties and stimulus efficacy are independent parameters. Since the calcium signals that we measure are likely to be a combination of several calcium sources, a mechanistic interpretation of this temporal variability is not possible at this stage.
Across odors, response characteristics were correlated between the AL and the antenna. However, there was a systematic effect of antenna vs. AL, in that antennal responses had a delayed response onset (AL = 2.75 s, antenna = 2.90 s,P:::: 0.001 Wilcoxon signed rank test), a longer rise time (AL = 1.04 s, antenna = 1041 s, p :::: 0.001), a delayed response peak (AL = 3.79 s, antenna = 4.33 s, p :::: 0.001), and longer fall times (AL = 1.32, antenna = 1.82, P:::: 0.001). These differences are likely due to the different calcium sources in the antennal dendrites and cell bodies as opposed to the axonal endings in the AL.
Chemical Moieties Systematically Influence Temporal Response Parameters
Though there was no correlation between an odor's response time course and its EC 50 value, there were systematic effects related to the odor's chemistry. An additional hydroxyl group at the 3 rd carbon atom of the carboxyl acid moiety of the esters ethyl hexanoate, methyl hexanoate and ethyl butanoate led to a consistently longer rise time as compared to the esters without that group, both on the antenna and in the AL [ Fig. 7 
Both Best Odors and the Spectrum are Ecologically Relevant
Which are the natural odors that elicit responses in Or22a? In other words, how much of the measured response spectrum is ecologically relevant? Two scenarios compete: either the best stimuli (ethyl hexanoate and methyl hexanoate) are the only relevant odors, and the remainder of the spectrum is a laboratory finding that is irrelevant for Drosophila in a natural environment (the "key substances" hypothesis, in which Or22a effectively becomes a labeled line for ethyl hexanoate and methyl hexanoate), or the entire spectrum is relevant, and odor identity is only extracted using information across several glomeruli (the "combinatorial" hypothesis). To choose between these hypotheses knowing the response spectrum alone is not sufficient, but it is necessary to compare the composition of odors that occur in the natural environment of Drosophila with the response spectrum of Or22a.
As a first step, we tested whether Or22a responds to banana mush, and found strong responses (data not shown), suggesting that Or22a might be involved in coding food odors. We then looked at chemical analyses of fruit extracts in the literature (Table 3) . Of the substances that were identified in each fruit, many also appeared in the response spectrum of Or22a, including mango (Mangifera indica, 26 of 375 identified substances were among the 39 best stimuli of our screen) (pino et aI., 2005) , cantaloupe melon (Cucumis melo var. cantalupensis, 10 of 28 substances) (Aubert and Bourger, 2004) , pink guava (Psidiwn guajava, 4 of 51 substances) (Jordan et aI., 2003) , strawberry (Fragaria ananassa, 14 of 23 substances) (Loughrin and Kasperbauer, 2(02) , yellow passion fruit (Passiflora edulis, 8 of 34 substances) (Jordan et al., 2002) , musk melon (Cucumbis melo, 10 of 38 substances) (Jordan et aI., 2001a) and banana (Musa sapientum, 9 of 26 substances) (Jordan et aI., 2oo1b) . Based on the reported concentrations and the measured dose-response curves, we estimated which of the components occurred at sufficient concentration to elicit a half-maximal response, and found several substances in this category (Table 3) . Several fruit contained ethyl hexanoate and/or methyl hexanoate at sufficient concentration. Indeed, these substances were first identified as stimuli for Or22a by screening natural odors, including passion fruit and pineapples (Stensmyr et aI., 2(03) . Because of the high sensitivity of Or22a for these substances, minute amounts in the fruit extract are sufficient to reach significant response levels. However, other substances were present in much larger concentration, which approached or even surpassed EC so even though these substances have a lower EC s (). For example, of the substances reported in banana extract only isoamyl acetate occurred at a concentration higher than EC s (), and ethyl butanoate and hexanal occurred at concentrations that would elicit responses, but not reach EC s (). In electrophysiological recordings from neurons that are likely to be ab3A neurons using banana extracts separated with a gas chromatograph, among the components that elicited responses were also isoamyl acetate and ethyl butanoate (Stensmyr et aI., 2003) . We conclude that many odors in the response spectrum are ecologically relevant, and that a "key substance" concept does not apply to Or22a. It should be noted, however, that this result is based on two separate datasets combined with mathe- hex. hex.
• ester 11 ester + OH 1557 Figure 7 Relationship between chemistry of an odor and its response time course. A: Chemical structures of the ester "pair" ethyl hexanoate and ethyl 3-hydroxy hexanoate, which differ by the presence or absence of a hydroxyl group at the third carbon atom of the carboxylic acid moiety. B:
Responses to ethyl hexanoate 10-6 (black, n = 8 animals) and to ethyl 3-hydroxy hexanoate 10-3 (gray, n = 9 other animals). Dashed lines are located at 10% and 90% of response maximum. Gray rectangle: odor presentation. Note that the two responses have very different time course but comparable maximum. C: In all three ester pairs tested the additional hydroxyl group led to an increase in the rise time of the response. D: EC so values for esters with and without additional hydroxyl group. Those with the hydroxyl group were weaker stimuli (higher EC so ) than the respective esters without it. matical calculations. Natural odors consist of mixtures of many substances, but mixtures were not tested in this study. Therefore, the role that mixture interaction might play for ecologically relevant stimuli remains to be assessed.
DISCUSSION
"Nihil est in intellectu quod non fuerit prius in sensu" (nothing reaches the intellect before making its appearance in the senses) is a Latin saying attributed to many empiricist philosophers. For the olfactory system, sensory input consists of all molecular receptive ranges (MRRs) of olfactory sensory neurons (OSNs). The MRR of an OSN is mostly determined not only by the OR protein expressed in it (Hallem et aI., 2004) , but also by odor binding proteins (Pophof, 2004; XU et aI., 2005) , OSNs housed within the same sensillum (Dobritsa et aI., 2003) , coreceptors (Dobritsa et aI., 2003; Larsson et aI., 2004; Neuhaus et aI., 2005; Benton et aI., 2006) , and G-proteins (Shirokova et aI., 2005 Fig. 2(D) ]. The MRR presented in this study is the first extensive analysis of more than 100 odor affinities with complete dose-response curves for an OSN both at the sensory transduction and at the synaptic transmission site. Given that the adult fly has approx. 43 expressed ORs, this study lays the foundation for a complete description of the sensory input in Drosophila.
Comparison with Other Studies
Odor responses in Or22a have been recorded in several studies (de Bruyne et aI., 2001; Dobritsa et aI., 2003; Stensmyr et aI., 2003; Hallem et aI., 2004; Wilson et aI., 2004) . In the most extensive of these studies, response spectra to 110 odors were reported for 21 Drosophila ORs, including Or22a, by genetically introducing the respective receptors into an empty cell, and then screening the responses electrophysiologically (Hallem and Carlson, 2006) . That spectrum adds 28 active substances, and 29 non-active substances to the panel presented here, with a total of 167 substances. However, in that work odors were tested only at high concentration, and therefore the dynamic range of the responses is not available, with exception of a small subset of odors. However, odor receptors have evolved to code both odor identity and odor concentration, and odor plumes generally contain odors at low concentration. Our semi-automated technique allows to measure entire dose-response curves, and therefore to characterize receptors in a great detail. For example, it is only by knowing the entire dose-response curve that we can show that secondary ligands are also important in an ecological context. We share the goal to completely understand the olfactory input for this mogel animal. A detailed comparison between the spectrum found by Hallem and Carlson and in this study is given in the supplementary Figure 2 . The two data sets correspond well, but the scatter increases at the higher spike-value end. This discrepancy arises from the saturation of the responses when tested only at high concentration (as done in Hallem), again showing that measuring entire dose-response curves gives better information. Hallem and Carlson measured all receptors by expressing the receptor in the ab3A cell. In ab3A, Or22a is the native receptor. We anticipate that with other receptors the mismatch between the two techniques will increase, because different cells do not only differ in the receptors they express, but also in other aspects, such as OBPs and maybe intracellular messenger cascades. By expressing the calcium sensor in the receptors' native cells, our approach avoids a mismatch between receptor and cellular environment.
Comparison between Antennal and AL Measurements
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We used intracellular [Ca 2 +] changes as monitor for cellular activity by expressing the genetically encoded calcium sensor cameleon2.1 in those OSNs that express Or22a. However, each OSN has two mechanistically very different and spatially segregated calcium-compartments. First, at the sensory dendrites, calcium is involved in signal transduction, as shown in vertebrates (Matthews and Reisert, 2003) and insects (Stengl, 1994) . Second, at the axonal terminals, calcium is involved in transmitter release. Calcium in the dendrites is correlated with the elicited receptor potential, and might be a combination of extracellular calcium entering through secondmessenger-gated Ca-channels, voltage gated Cachannels (VOCs) and calcium from intracellular stores. Here, calcium plays a dual role in sensory transduction and adaptation (Matthews and Reisert, 2003) . In our antenna measurements, we also measured fluorescence from cell bodies. In invertebrate sensory neurons, cell bodies respond to stimulation with delayed intracellular calcium increase (Hoger et aI., 2005) . At the synaptic terminals, calcium entry occurs through VOCs, and within a certain range is proportional to AP firing frequency [ Fig. 2(D) ]. However, presynaptic inhibition might modify this relationship, for example when opened chloride channels shunt the incoming depolarization, and thus prevent calcium influx even in the presence of APs. Presynaptic inhibition of OSNs is known for several vertebrates and invertebrates (Wachowiak and Cohen, 1998; Wachowiak and Cohen, 1999; Aroniadou-Anderjaska et aI., 2000; Ennis et aI., 2001; Wachowiak et aI., 2005) , and is likely to occur in Drosophila too.
To quantify the difference between those compartments, we established the MRR of Or22a both on the antenna and in the AL. There was no significant difference in the response spectrum (see Fig. 3 (Miyawaki et aI., 1999 ), a shift in baseline level [Ca 2 +] changes the set-point of the indicator. This is evidenced by the responses to 4-methoxybenzene [ Fig. 2(C) ] and benzaldehyde. On the antenna these odors evoked a decrease in measured [Ca 2 +] while they did not evoke any change in the AL. However, after stimulation with an odor that evoked a long-lasting response both odors also lead to a decrease in measured [Ca 2 +] within the AL, most likely due to an increased [Ca 2 +] level. This finding has further implications: we show that a strong stimulus leads to a modified response to another stimulus that occurs later in time, and this modification is not adaptation. We did not analyze this aspect further, but we anticipate that it might have important implications for an animal flying in a natural environment, and encountering different odor plumes in sequence. Specifically, for example, a plume of benzaldehyde will elicit an activity decrease in glomerulus DM2 after a plume of ethyl hexanoate but no change before such a plume. In other words, the glomerular response pattern to benzaldehyde is context dependent. More research is needed to address this question.
Our finding that some stimuli lead to a decrease in [Ca 2 +] confirms electrophysiological findings of inhibitory responses to some odor/receptor combinations (de Bruyne et aI., 1999 (de Bruyne et aI., , 2001 . Possibly, Or22a is a constitutively active OR, and inactivating odors act as inverse agonists, as increasingly reported for many GPCRs (Costa and Cotecchia, 2005) . It should be noted that our experimental design is suitable to identify inverse agonists in cells with constitutively active receptors, but not to find competitive antagonists. Experiments with odor mixtures will be necessary to find competitive antagonists, as shown for citral in the rat I7 receptor (Araneda et aI., 2000) .
Specialist Versus Generalist
OSNs may be specialists that respond to a few key substances, or generalists that respond to a large number of odors (Hildebrand and Shepherd, 1997) . 38% of the 104 substances tested initially gave at least half-maximal responses at 10-2 dilution. This might suggest a generalist response characteristic. However, the sensitivity to different substances varied enormously. For example, ethyl hexanoate and methyl hexanoate reached halfmaximal responses already at a dilution greater than 10"6 (Table 1) . Because these substances are important components in many fruits, Or22a might be a specialist for these two substances. However, whether Or22a should be considered a specialist or rather a generalist solely depends on the naturally occurring concentrations of the respective substances in odor sources that flies encounter. We therefore compared the sensitivities found in our screen with the concentration of these substances in natural odor sources, and found that several of the 10 best odors occur at sufficient concentration in nature to elicit responses in Or22a, including methyl hexanoate, ethyl butanoate and isoamyl acetate (Table 3) . Therefore, although Or22a is most sensitive to ethyl hexanoate, this is not the only ecologically relevant substance: it is inappropriate to call Or22a an ethyl hexanoate-receptor. In a behavioral study in adult Drosophila, removing Or22a did not create a defect for ethyl hexanoate perception, but rather for I-heptanol (A. Keller and L. Vosshall, personal communication) . Clearly, the ecological and behavioral relevance of the odors within the MRR remains to be explored in detail. An extension into odor mixtures is necessary to answer this question. . experimental testing will further elucidate the interactions between receptor and ligand.
In this study, we have characterized the responses of OSNs that express Or22a to a large panel of odorants across concentrations. This has been possible by a combination of calcium imaging with genetic tools (expression of a calcium sensor in a homogeneous population of OSNs) and robotics (automated presentation of odors). The antennal preparation is done in an intact animal, and affords the opportunity to measure for long times in a single individual. We could thus draw a differentiated picture of Or22a. Despite reacting to a large number of odors very specific ligands exist. The segregation of generalist and specialist receptors appears inappropriate, because Or22a is both. A full characterization of the entire input to Drosophila as an important model appears now in reach.
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